Prior studies of squamous cell carcinoma of the head and neck (SCCHN) have explored the effect of socioeconomic status (SES) as an independent risk factor; however, none have investigated the interaction of known risk factors with SES. We examined this using the North Carolina Head and Neck Cancer Epidemiology Study, a population-based case-control study. Incident cases of SCCHN from North Carolina between 2002 and 2006 (n = 1,153) were identified and age, sex, and race-matched controls (n = 1,267) were selected from driver license records. SES measures included household income, educational attainment, and health insurance. Logistic regression was used to estimate adjusted odds ratios (OR) and 95% confidence intervals (CI). Current smoking was more strongly associated with SCCHN among those households making < $20,000/year )] compared to household incomes > $50,000/year ; p interaction < 0.001]. Current drinking was more strongly associated with SCCHN in household incomes < $20,000 [OR 2.91 (2.05-3.78)] compared to > $50,000/year [1.28 (0.97-1.58); p interaction < 0.001]. Current drinkers with less than high school education or income < $20,000 had nearly threefold odds of never-drinkers in the same SES category [OR 2.91 (2.05-3.78); 2.09 (1.39-2.78), respectively]. Our results suggest that the relationship of smoking and alcohol use may be stronger among those of lower SES.
Introduction
Tobacco and alcohol use have been shown to be consistent risk factors for head and neck cancer [1] [2] [3] [4] . However, as the prevalence of smoking decreases in the United States [5] , new risk factors have emerged including human papillomavirus [6] , poor oral health [7, 8] , and genetic factors [9] . Similarly, low socioeconomic status (SES) has been strongly associated with development of oral cancer in men [10] . A 2015 study using pooled international data from over 23,000 cases examined the effects of income and education on head and neck cancer occurrence. They found that fewer years of education and lower income were associated with an increase in disease development. This risk was attenuated when adjusting for alcohol and tobacco use [11] . Here, as with other studies [12] [13] [14] , socioeconomic status was examined as an independent risk factor, or adjusted as a confounder. However, it is unclear whether the association of risk factors, such as tobacco and alcohol, is modified 1 3
by SES. A comprehensive description of the interaction between risk factors and SES may offer new insights into the nature of the interaction and clarify other unrelated effects of SES.
It is possible that individuals with lower SES may be more susceptible to the effects of tobacco, alcohol, and other risk factors. To our knowledge, no study to date has explored the joint effect of socioeconomic status and other known risk factors on squamous cell carcinoma of the head and neck (SCCHN). We examined the potential for interaction between various known risk factors for SCCHN and SES in a large population-based study in a racially diverse population.
Materials and methods
This study uses data previously collected by the Carolina Head and Neck Cancer Epidemiology Study (CHANCE) [15] . Briefly, CHANCE is a population-based case-control study of patients with newly diagnosed first primary invasive SCCHN between 1 January 2002 and 28 February 2006 in North Carolina, United States.
Cases were 20-80 years of age at the time of diagnosis, residents of a 46-county region in North Carolina, and had never been previously diagnosed with head and neck cancer. Controls were identified through the North Carolina Department of Motor Vehicle driver license records and were frequency matched by age, race, and sex. Contact and cooperation rates were 98 and 82% for cases, and 80 and 61% for controls, respectively. Demographic, lifestyle, oral health, dietary, and other risk factor information was collected using a structured questionnaire during an in-home visit. The study was approved by the Institutional Review Board (IRB) of the University of North Carolina at Chapel Hill, and all participating institutions.
The CHANCE questionnaire was completed by 1,389 eligible cases and 1,396 eligible controls. We excluded 21 cases of lip cancer (1.5% of all cases), 28 cases and 18 controls who specified 'other race' (46 or 1.7%), and 68 participants (51 cases and 17 controls) who used a proxy during interview. An additional 136, or 10.6%, of eligible cases and 94, or 6.7%, of eligible controls were excluded for missing covariate information. The final study population in our complete case analysis included 1,153 cases and 1,267 controls.
For the assessment of HPV tumor status, patients who had lip and hypopharynx cancers, those for whom the hospital would not release tumor blocks, and those who had completed only proxy interviews were excluded from p16 tumor immunohistochemistry. All patients with oropharyngeal cancers (N = 248) and a random sample of patients with nonoropharyngeal cancers (N = 244) (because the relevance of HPV in non-oropharyngeal cancer has not been established [16] ) were selected for the evaluation of p16-positivity [17] .
Exposure and covariate definitions
Primary exposures of interest included tobacco use, alcohol intake, oral health status, and measures of SES. Cases were asked about exposures the year prior to diagnosis while controls were asked about current use. Tobacco use was defined as (1) In the United States, a standard alcoholic drink is defined as containing 14 g of alcohol [18] , therefore the highest quintile of cumulative alcohol consumption is equivalent to more than 25 drinks per week for 50 years. Self-reported oral health variables, selected based on a previous CHANCE study [15] , included (1) history of self-reported tooth mobility, or "teeth loose in their socket due to disease" (yes [ 
Statistical analysis
We calculated odds ratios (OR) and 95% confidence intervals (CI) for each exposure and SCCHN risk using unconditional logistic regression. We evaluated multiplicative interaction of tobacco use, alcohol use, and oral health status by SES with an exposure-SES product term. Likelihood ratio tests (LRT) were conducted to compare the models with the multiplicative term to the same model without it. Given low statistical power for interaction analysis, an a priori alpha of 0.10 was used as the significance threshold. All analyses were conducted in Stata v14.2. The primary analyses included the modification of tobacco and alcohol use (never, ex-, current), and oral health status associations by SES, but we also conducted additional analyses on the interaction between cigarette duration of use, smokeless tobacco use, quantity of alcohol use, and oral health risk factors and SES.
Minimally adjusted models included only the joint primary exposures (tobacco or alcohol use or oral health and SES) and the matching factors [age (continuous), race (white, African American), sex (male, female)]. Potential confounders were identified using a directed acyclic graph approach [19] . The fully adjusted model included the matching factors [age (continuous), race (white, African American), sex (male, female)] plus additional covariates: oral health parameters, smokeless tobacco, family history of cancer, and SES factors.
Given the known association between HPV infection and SCCHN, particularly oropharyngeal cancer, initial analyses were repeated, stratifying by HPV positivity. p16 status had only been tested in patients who had oropharyngeal cancers (n = 248) and a random sample of patients who had non-oropharyngeal cancers (n = 244). p16 was chosen as the marker for HPV based on a priori analyses in a previous CHANCE study that determined using p16, rather than both HPV DNA PCR and p16 expression, did not change point estimates [8] . HPVpositive tumors were compared to controls and, separately, HPV-negative tumors were compared to controls, assessing of odds of SCCHN within each stratum of SES. The effect of SES was investigated after stratification by tumor site. Cases within each tumor site were compared to all controls.
A sensitivity analysis was undertaken to compare the results of the primary analysis with reclassification of insurance category. The primary main effect and interaction models with the insurance category were compared to the same models with a re-categorization of insurance. Medicaid and Medicare insurance types were subdivided, to determine the specific effects and interactions related to the two insurance types separately.
Results
Among cases, 76.3% were male and 74.4% identified as white. Among controls, 69.4% were male and 80.8% identified as white ( Table 2 presents the description of known risk factors for SCCHN development, fully adjusted for the matching factors of age, race, and sex, plus pack-years smoking history, lifetime alcohol consumption, smokeless tobacco use, family history of cancer, and oral health parameters (except the exposure of interest). Current smokers were four times more likely to develop SCCHN compared to never-smokers [ 
Main effects of tobacco, alcohol, and oral health variables

Main effects of SES variables
Marked differences in income were noted between cases and controls ( Table 3) . Years of education were inversely associated with odds of SCCHN, with participants who attained less than a high school education having nearly four times the odds of SCCHN, compared to those who completed some college or more ( Stratified by tumor site, there was a general trend of increasing odds of SCCHN with lower income and fewer years of education. For example, SCC of the oral cavity had the strongest association with low income and less education [OR 2.24 (1.21-4.14); OR 1.43 (0.86-2.39) for income < $20,000 and less than high school education, respectively] (Supplemental Table 1 ). Table 4 shows the interaction results between ever-smoking cigarettes and SES variables. Compared to never-smokers with an annual income greater than $50,000, individuals who were current smokers and had an income less than $20,000 had more than five times the odds of SCCHN [OR 5.11 (3.61-6.61)], while current smokers who had incomes Table 1 Participant demographics a P16 status was only tested in cases who had oropharyngeal cancers (n = 248) and a random sample of cases who had non-oropharyngeal cancers (n = 244) Although no evidence of interaction was observed between duration of cigarette smoking and SES (p interaction: 0.24, 0.16, and 0.14 for income, education, and insurance, respectively) a suggestive pattern exists at the highest categories of smoking duration and income, similar to the income contrast for current smokers. Compared to never-smokers making more than $50,000 per year, the OR for smoking cigarettes for 40 or more years and having an income less than $20,000 was 5.52 (3.74-7.29) a Adjusted for matching factors (sex, race, age) b Adjusted for matching factors (sex, race, age) plus pack-years smoking history, total lifetime alcohol consumption, smokeless tobacco use, family history of cancer, and oral health parameters (except the exposure of interest). No simultaneous adjustment was undertaken within type of risk factor, i.e., current smoking status was not adjusted for pack-year smoking history and current alcohol use was not adjusted for lifetime total alcohol consumption. All estimates are based on complete case analysis Table 2 ). There was no clear pattern of interaction between smokeless tobacco by SES (Supplemental Table 3 ). Table 5 presents the interaction between alcohol consumption by SES variables. The models showed evidence of multiplicative interaction between currently drinking alcohol and having lower income or fewer years of education (p values for interaction: 0.0693 and 0.0269, respectively). Current drinkers with incomes less than $20,000 were at nearly three times the odds of SCCHN compared to neverdrinkers with income less than $20,000 (OR 2.91; 95% CI 2.05-3.78), while current drinkers with incomes greater than $50,000 had a less pronounced OR [1.28 (0.97-1.58)]. Individuals who had the lowest income and who drank the most alcohol, corresponding to approximately 25 drinks per week for 50 years, had nearly six times the odds of SCCHN compared to never-drinkers in the highest income tertile [OR 5.85 (3.74-7.96)] (Supplemental Table 4 ). This is greater than for those individuals with the same drinking history but an annual household income greater than $50,000 [ The oral health variables, history of loose permanent tooth, and prior routine dental visit, were explored separately (Supplemental Table 5 ). Neither oral health variable modified risk factor associations (p values for interaction of loose tooth: 0.96, 0.14, 0.90 with income, education, and insurance, respectively; p value for interaction of routine dental visit: 0.80, 0.66, 0.93 with income, education, and insurance, respectively). Table 6 presents the odds of SCCHN across levels of income, education, and insurance, stratified by HPV status. HPV-negative individuals with an income less than $20,000 were at nearly two times greater odds of SCCHN development than HPV-negative individuals with incomes greater than $50,000 [OR 1.84 (1.09-3.10)]. HPV-positive individuals in the same income category, less than $20,000, had slightly lower odds [OR 1.35 (0.78-2.35)]. Increasing years of education was associated with decreased risk of SCCHN for both HPV-positive and HPV-negative individuals. However, these models are only based on a subset of the cases who were tested for HPV, therefore are more imprecise and are only suggestive. There were no patterns observed for insurance.
Interaction between tobacco use and SES
Interaction between smoking and drinking status by SES was also explored after additional stratification by HPV status (Supplemental Tables 6 and 7) . Among HPV-negative cases, current smokers with an income less than $20,000 were at 10 times the odds of SCCHN when compared to never-smokers with high income [OR 10.76 (6.73-14.79)]. This effect of smoking is higher than in patients with HPVpositive tumors in the same income stratum [OR 1.89 (0.84-2.93)]. However, there was no evidence of interaction (p value for interaction: 0.53 and 0.19 for HPV negative and positive, respectively). A similar trend was seen for current smokers with the lowest education level, though there was no statistically significant evidence of interaction (p values for interaction: 0.15 and 0.87 in HPV negative and positive, respectively). We did not observe interaction between SES and alcohol use when stratified by HPV status.
In a sensitivity analysis, the original insurance category, containing both Medicare and Medicaid, was subdivided to explore the individual effects. Medicaid was found to be more highly associated with SCCHN development compared to Medicare, although the Medicare results are imprecise. [OR 1.65 (0.91-3.02) and OR 0.74 (0.54-1.01) in Medicaid and Medicare, respectively]. Current smokers with Medicaid had nearly eight times the odds of SCCHN development compared to never-smokers with private health insurance [OR 7.90 (1.09-14.72)], which was a stronger association than observed for those with Medicare [OR 2.68 (1.78-3.57)]. These analyses were limited by the small number of individuals in some cells, but could be explained by differential coverage by the insurance types, such a discrepancy in dental care.
Discussion
We found evidence of interaction between smoking status, drinking status, and three SES variables (income, education, and insurance). The general pattern reflected stronger associations for factors in the presence of lower SES versus higher SES. As annual household income decreased, there were higher odds of SCCHN in current smokers, drinkers, and with increasing quantity of both cigarettes and alcohol, compared to those with a higher level of SES at the same level of exposure. The odds of SCCHN among heavy smokers and drinkers were highest among those who had the fewest years of education, at the same category of consumption, suggesting a synergistic effect between SES and tobacco or alcohol use. Individuals who had a routine dental visit in the decade prior to SCCHN diagnosis were at decreased odds of SCCHN with increasing years of education. A clear pattern with insurance status was not seen. We have observed a suggestive pattern of lower SES more strongly associated with risk among cases with HPV-negative tumors than among patients with HPV-positive tumors, although the differences were not statistically significant. There did not appear to be evidence of interaction between smoking and alcohol consumption by SES variables when stratified by HPV status, though sample sizes were very limited. However, there were clear patterns of increased odds of SCCHN in HPV-negative individuals compared to HPVpositive individuals within the same household income or education category at the same levels of tobacco use, when compared to controls. More research with a larger number of cases with HPV data is needed to explore the interrelationship between SES, HPV, and tobacco.
Our results for the association with risk factors agree with reports from the International Head and Neck Cancer Epidemiology Consortium (INHANCE) [11, 20, 21] . Also consistent with our results, prior research has shown that factors related to low SES are associated with increased SCCHN risk [12] [13] [14] . For example, a 2015 INHANCE report, which pooled 31 studies from 27 countries and included data from CHANCE, found those with low education had more than twice the odds of SCCHN compared to those with high education [11] . Additionally, a 2008 meta-analysis of socioeconomic inequality and oral cancer risk, which examined 41 studies case-control studies, found twice the odds of oral cancer with low SES, defined by income, occupation, and education [10] . However, no prior studies examined the interaction between SES and known risk factors for SCCHN.
It has been suggested that the association between fewer years of education and/or low income and disease development operate through pathways related to behavioral lifestyle factors or psychosocial factors [22] . Krieger et al. examined multiple theories surrounding the interaction of the individual with the environment, political system, and health and suggested that interactions between all three may lead lower SES groups to be at higher risk for disease [22] . It is possible that this interplay between environment and behavioral factors underlies the increased odds of SCCHN in our study population.
The independent effects of SES could be further explained by residual confounding or other unmeasured risk factor exposures, and misclassification of SES. It is unlikely that there are unmeasured confounding SCCHN risk factors because the etiology of SCCHN has been thoroughly investigated. Potential contributors to the modification of risk factors by socioeconomic status include unmeasured factors such as differing ways cigarette smoke is inhaled, type of cigarette smoked, and measurement errors in reporting of tobacco and alcohol use. Some variation in the effect of SES may be due to measurement error. In our study, each SES variable was classified into three to four categories, possibly resulting in heterogeneity within categories after collapsing information on income, education, or insurance. Additionally, the questionnaire collected income data in categories rather than asking for a fixed amount. Often individuals' income or health insurance will vary over a lifetime; however for this study, data on the income and insurance type were only collected on the date of interview. We opted to not create an aggregate SES index due to prior literature suggesting the integration of different and complex SES factors could lead to a dilution of data quality [23] . SES is a complex concept and measurement by three variables may not capture all dimensions.
Our study is among the largest individual populationbased studies of head and neck cancer conducted in the United States. The population-based design gives us more confidence that our results are generalizable. The questionnaire covered an extensive range of exposures and risk factors, only some of which are discussed in this paper. Additionally, this study is unique in its high proportion of black participants. Other studies of SCCHN have been predominately non-Hispanic whites. In analyzing the effects of SES, it is imperative to include diversity in both race and income. Although the number of African American participants in our study is larger than prior studies, the relatively small sample size of African Americans led to very imprecise estimates in the three-way interaction between race, SES, and known risk factors.
We have opted to not account for multiple comparisons. Given that our analysis is the first to examine this research question, and that we have provided specific a priori hypotheses including interaction, we are providing a broader interpretation of results with a focus on the strength of association and precision of the effect measures [24, 25] .
As socioeconomic status becomes more widely recognized as a pertinent factor in SCCHN etiology and prognosis, more measures of socioeconomic status should be collected, such as SES over the life course, and family size and household composition to increase comprehensiveness and precision of socioeconomic status measurement. Furthermore, prior research suggests that SES factors measured should be studied at not only the individual level but also at the contextual and neighborhood level in order to better characterize socioeconomic position [26] . Additionally, future studies should attempt to fully integrate race and ethnicity information, as prior research has demonstrated that the effects of race cannot be fully explained by differences in consumption of tobacco and alcohol between races [27] . In addition, more research is needed on differences in smoking behavior, cigarette type, and access to cessation counseling among different socioeconomic classes.
Given that current smokers and drinkers with lower education and lower income are at significantly higher risk for SCCHN than current smokers and drinkers in higherincome groups, it is important to tailor preventative and interventional measures to these groups. Clinicians should be intimately aware of the patient population they are serving and think of earlier intervention in smoking and drinking for those at higher risk, particularly cessation. Similarly, patient education on SCCHN may be more beneficial if targeted to these high-risk groups. As routine dental visits were found to be protective against SCCHN development and showed increased protection and interaction even within the lowest SES categories, clinicians may consider discussing dental visits with their patients. Ultimately, upstream or distal attempts to decrease poverty, increase educational attainment, and provide adequate health insurance may have increased health benefits beyond that of smoking and drinking cessation. 
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